Most current thinking about evolution is couched in the concept of trees. The notion of a tree with recursively bifurcating branches representing recurrent divergence events is a plausible metaphor to describe the evolution of multicellular organisms like vertebrates or land plants. But if we try to force the tree metaphor onto the whole of the evolutionary process, things go badly awry, because the more closely we inspect microbial genomes through the looking glass of gene and genome sequence comparisons, the smaller the amount of the data that fits the concept of a bifurcating tree becomes. That is mainly because among microbes, endosymbiosis and lateral gene transfer are important, two mechanisms of natural variation that differ from the kind of natural variation that Darwin had in mind. For such reasons, when it comes to discussing the relationships among all living things, that is, including the microbes and all of their genes rather than just one or a select few, many biologists are now beginning to talk about networks rather than trees in the context of evolutionary relationships among microbial chromosomes. But talk is not enough. If we were to actually construct networks instead of trees to describe the evolutionary process, what would they look like? Here we consider endosymbiosis and an example of a network of genomes involving 181 sequenced prokaryotes and how that squares off with some ideas about early cell evolution.
INTRODUCTION
Some evolutionary relationships are well described by a series of recursive bifurcations-a tree. The phylogeny of birds, fish or mammals are examples. As the lineages split, so do the gene histories, leading to the expectation that different genes for such groups should tend to give roughly the same phylogeny, provided that molecular phylogeny generally works (Landan & Graur 2008) , and provided that recurrent genome duplications, as are common among eukaryotes (Scannell et al. 2006) , have not led to rampant (hidden) paralogy. Xenology is quite rare in eukaryotes (e.g. Rumpho et al. 2008) but, among the microbes, evolutionary relationships can entail cell mergers (endosymbiosis), donation and acquisition of genes, such that within a single organism or genome different genes can have fundamentally different histories.
For example, when we retrace the evolutionary process of lineage splittings down into the origin of different algal groups possessing plastids surrounded by three or four membranes, we are confronted with the process of secondary endosymbiosis, where cellular individuals of highly disparate eukaryotic lineages have merged on at least three different occasions to bring forth novel algal lineages at very high taxonomic levels (Stoebe & Maier 2002; Lane & Archibald 2008) . This is sketched in figure 1 , where the chromists and alveolates are drawn as separate groups as recent findings suggest (Frommolt et al. 2008; Sanchez-Puerta & Delwiche 2008) . Going back further, the origin of the plant lineage is attributable to the symbiosis of a cyanobacterium with a eukaryotic host, another cellular merger in the phylogeny of life (Gould et al. 2008) . Going back further still, the origin of mitochondria at the origin of known eukaryotes is yet another decisive cellular merger (Dyall et al. 2004; van der Giezen et al. 2005; Embley & Martin 2006) . At each such symbiotic merger, genes are transferred from symbionts to the chromosomes of their host, a process called endosymbiotic gene transfer (Martin et al. 1993 (Martin et al. , 1998 (Martin et al. , 2002 Timmis et al. 2004) . Further back still, among free-living prokaryotes, from which the ancestors of plastids and mitochondria stem, lateral gene transfer has resulted in distributions of genes across prokaryotic chromosomes that do not strictly correspond to a hierarchical classification or any single bifurcating tree (Doolittle 1999; Doolittle & Bapteste 2007; McInerney et al. 2008) .
Ho hum, one might say, we knew that, so what's new? Maybe the more important question is not what's new, but what isn't new? What isn't new is that despite knowing that many processes in microbial evolution are not tree-like in nature, biologists still tend to use the metaphor of trees to conceive, discuss and represent the process of the overall relatedness of things (Ciccarelli et al. 2006) . That is not terribly surprising because most, but not all, approaches to describing the evolutionary process involve phylogeny at the computer in some form, and phylogenetic work at the computer generally produces trees, because trees are the most simple way to model protein divergence (a node), evolution (a branch) and homology (a clade) but they contain no information as for the type of homology (e.g. orthology, xenology, etc.).
There are some exceptions, the directed cyclic graphs used by Rivera & Lake (2004) to generate a ring instead of a tree being one, and there are others (Beiko et al. 2005; Kunin et al. 2005; Dagan et al. 2008; Lima-Mendez et al. 2008) . But by and large, biologists tend to have a tree in mind when they approach the issue of evolutionary relatedness, also among microbes, and they (we) tend to use programs that generate trees, and therefore they (we) tend to see trees as the result of investigation on the topic. Many graphical representations of microbial evolution that incorporate LGT and/or that depict endosymbiosis have been published (Doolittle 1999; Martin 1999; Brown 2003; Huang & Gogarten 2006; McInerney et al. 2008 ) but, like figure 1, which schematically depicts how endosymbiosis runs contrary to the notion of a strictly bifurcating tree, they tend to involve something like an artist's impression of the evolutionary process that takes into account many different kinds of observations. It would probably help matters, that is, it would probably help us as evolutionary biologists studying microbial evolution, to convey in a more objective and scientific manner to ourselves and to non-specialists alike, if we could produce as a computer-generated printed product of our current understanding of microbial evolution. That would require computer-based methods that would allow us to depict non tree-like processes for the simple purpose of having a better level of congruence between what we think is actually going on in microbial evolution in nature (based on observations) and how we model it. If microbial evolution is not tree-like in salient aspects, then we need tools to investigate it that do not force the data into the straightjacket of a tree.
NETWORKS
Phylogenetic relationship can be modelled as graphs, in which the species (or genes) are represented by vertices and their evolutionary relationship are represented by edges. By graph theory definitions, a phylogenetic tree is a connected, acyclic, directed (and sometime also rooted) graph (Harary 1969) . But there are some alternatives to trees. Networks are one such kind of alternative. Using the same mathematical model, if we allow the graph to be cyclic, then we get a phylogenetic network (Huson & Bryant 2006) . Hence, we could construct an evolutionary graph of shared genes among prokaryotic genomes in which the nodes (or vertices) of the graph represent sequenced genomes with the edges between nodes representing shared genes. If all of the gene inheritance were vertical, then we should obtain a tree. If there are lateral components of inheritance, then the network should recover and depict them, too.
A problem arises though, in that it is not as simple as it might seem at first sight to discern between vertical inheritance and lateral transfer. Any gene tree that is assumed to be an accurately inferred gene tree but is also discordant with the a priori expected relationships for the taxon labels (the species containing the respective gene), disregarding for the moment the issue of whence those a priori expectations stem, can readily be explained by assuming some number of ancient gene duplications and differential loss. But each time we assume a duplication and a loss to explain discordant branches, we are assuming the presence of an additional gene in the genome ancestral to the species under study. That is fine for one or two genes, or maybe a dozen or maybe a hundred. If, however, we have to add that kind of corollary assumption to every prokaryotic gene and its tree, then the size of the ancestral genome that results from those corollary assumptions begins to burgeon and quickly reaches an untenable size, that is, it becomes the genome of Eden, as Doolittle et al. (2003) put it. That logical constraint turns out to be a very useful tool, it turns out, in our efforts to understand gene transfer and chromosome evolution, as we briefly explain in the following.
We recently undertook an endeavour to describe prokaryote genome evolution in terms of networks . In essence, we assorted 539 723 protein coding genes among 181 sequenced prokaryote genomes into 54 349 families using the standard MCL algorithm. Many of those families have a very patchy distribution, that is, members of many families are found in a few genomes from different taxonomic groups. If we make the extreme and testable assumption that there has been no LGT in the evolution of those genes among the 160 eubacteria and 21 archaebacteria sampled, then the distributions of those genes shared across more than one genome would be governed by lineage specific gene origin and gene loss only. That assumption can be tested by comparing the distribution of inferred ancestral genome sizes under such assumptions with the modern distribution of contemporary genome sizes, measured in gene families to see if they are significantly different, which they are (Dagan & Martin 2007a) . A premise underlying that test is that there is no a priori reason to expect that prokaryotic genome sizes in the past were fundamentally different from those observed today. If we assume that there is no LGT then we are also assuming that all gene trees are compatible, and each gene is present in the genome ancestral to its first appearance in the evolution of the genomes we are considering. Thus gene distributions alone demand a certain amount of LGT among prokaryotic genomes, at least approximately 1 LGT per gene family per gene family lifespan, because too much vertical inheritance leads us into the genome of Eden problem (Dagan & Martin 2007a) . Allowing LGT reduces the inferred size of ancestral genomes, but allowing too much LGT reduces their size to distributions that are once again significantly different from modern genome sizes, but too small (the genome of Lilliput) rather than too large.
The constraint of ancestral genome size opens two inroads to studying genome evolution. First, it permits estimates for how much LGT has gone on in prokaryote evolution (Dagan & Martin 2007a) . Those estimates are attained without comparing gene trees and furthermore by assuming all gene trees to be compatible, hence they constitute minimum lower bound estimates. Second, it permits us to address genome evolution in terms of evolutionary networks consisting of vertically and laterally inherited genes. How? Given an assumed (or inferred) phylogeny for any given component of the genomes in question, then each of the ancestral nodes in that phylogeny corresponds to a genome-sized collection of genes. The constraint of genome size provides a criterion to decide whether a gene is present at a given ancestral node, that is, present in an inferred ancestral genome, or not. That is important because if we have a criterion for deciding which genes are present at which nodes, then shared genes across nodes correspond to edges in a network, and we can construct an evolutionary network that captures both vertical and horizontal components of gene inheritance, as illustrated in figure 2 . Figure 2a shows an assumed phylogeny for 181 genomes and corresponds to the topology and species designations shown in fig. 3a and the supplementary material of Dagan et al. (2008) . The tree that we use as a vertical backbone was not just assumed from thin air, rather it was constructed from analyses of the rRNA operon assuming monophyly for the prokaryotic taxa shown, but its specific branching order might as well just have been assumed, for two reasons. First, there is currently little evidence to suggest that any genes in prokaryote genomes have strictly co-evolved with the rRNA operon over the whole of evolutionary time (Bapteste et al. 2008) , hence even if we had the right rRNA tree, there remains the more pressing question of 'for what would it be a proxy?' (Doolittle & Bapteste 2007) . Second, for 181 genomes there are 3.6 Â 10 379 possible trees, and the chances of getting the right tree are comfortingly negligible (by comparison there are about 10 80 protons in the universe, very close to the number of trees for 60 genomes). Nonetheless, we can work with that assumed tree and specify as its root the branch between eubacteria and archaebacteria, because that is where genome similarity as measured in shared proportions of shared genes would place the root (Dagan & Martin 2007a) , notwithstanding other suggestions as to where the root might be (see the contribution by Lake et al. 2009 ). Then, given the genome of Eden constraint, we can draw an edge between all nodes that are connected by a shared gene, that is, nodes that are connected by the presence of a member of one of our 54 349 protein families, which would give us a network of genomes.
Before drawing such a network, there is a matter to consider concerning the congruence between the edges to be drawn in the figure (shared genes) and the process they are intended to represent (LGT ). If we infer that there was only one LGT in the history of a given gene family, then there is only one lateral edge connecting the nodes bearing that gene. In that case, there is a 1 : 1 correspondence between the number of lateral edges and the number of LGTs. But if three nodes need to be connected by lateral edges, then there are three edges that connect them but there are only two LGT events at the minimum need to be assumed, which applies to 27 per cent of the genes in the present example. Similarly, if four Dagan et al. (2008) , was constructed. Prokaryotic groups sampled are indicated, greek letters designate proteobacterial subdivisions. Note that in (c), where lateral edges connecting internal nodes to external nodes are shown, some genes seem to be transferred from 'ancient' nodes to more modern nodes, whereas the lateral edge specifies the group of taxa from within which the donor or recipient is inferred. Similar applies to (b) for edges connecting internal nodes. See text for more details. nodes need to be connected by lateral edges, then there are six edges that can connect them, but only three LGT events are needed to explain the gene distribution. Kunin et al. (2005) dealt with this problem by assigning weights to lateral edges corresponding to their probabilities of 2/3, 3/6, etc. We dealt with it by taking 1000 replicate samples from the matrix representation of the lateral network in which superfluous edges are randomly deleted, such that the number of lateral edges and the number of LGT events exactly correspond . Using that procedure, we can plot the lateral edges onto figure 2a, which represents vertical inheritance among genomes, and furthermore depict lateral transfer among genomes as well, which was one aim of our undertaking to use networks for describing genome evolution.
Among the 1000 replicates, there are 2330 + 16 lateral edges that connect internal nodes to internal nodes (figure 2b), 5886 + 20 lateral edges that connect internal nodes to external nodes (figure 2c) and 4046 + 16 lateral edges that connect external nodes to external nodes (figure 2d ). Each of these edges corresponds to a lateral gene transfer, and if we plot all edges in one figure, the result is that shown in figure 2e . We designate the network as a minimal lateral network because the procedures that were used to determine gene presence or absence at nodes entail two simplifying assumptions that severely underestimate the amount of LGT that has actually gone on among genomes: (i) we assume that all genes are orthologous, that is, that all multiple occurrences of a gene family in a genome are assumed to be the result of recent gene duplications within that genome, and (ii) we assume that all gene trees for all families are compatible. Those are rather severe assumptions, but they do deliver estimates for the minimum LGT rate and the minimum number of LGT events to be plotted in the network.
INCLUDING EUKARYOTES IN THE NETWORK
Ideally, one would like to see eukaryotes and prokaryotes in the same network of shared genes and it can be expected that such graphs will eventually emerge. But current gene sharing networks encompass only prokaryotes (Kunin et al. 2005; Dagan et al. 2008) or phage (Lima-Mendez et al. 2008) . They depict genome evolution among prokaryotes as a process of donor -recipient relationships that has been more or less continuous over evolutionary time, with genes acquired by conjugation (plasmids), transduction (phages), transformation (natural competence) (Thomas & Nielsen 2005) or gene transfer agents (Lang & Beatty 2007) but also being transmitted vertically by the process of chromosome replication as well, in agreement with some current views the process of microbial genome evolution (Doolittle & Bapteste 2007) . While these four mechanisms of gene spread among prokaryotes just mentioned are very well characterized at the molecular and genetic level, similar genetically and molecular defined mechanisms have not been characterized among eukaryotes. Thus it would seem that there is a big difference between prokaryotes and eukaryotes concerning the prevalence, mechanisms and biological significance of lateral gene transfer. Indeed, it is not unusual to find that three strains of the same prokaryotic species such as E. coli might share less than 40 per cent of their genes in common (Welch et al. 2002) , while sequencing a representative for a eukaryotic lineage, such as Entamoeba, might reveal only 1-2% of the genome consisting of genes that might have been specifically acquired in that lineage (Loftus et al. 2005) . Clearly, the frequency and impact of LGT in prokaryote and eukaryote genomes is different.
But at the same time, a particular kind of gene transfer among eukaryotes, namely gene transfer from organelles, or endosymbiotic gene transfer (Martin et al. 1993) , represents a very important source of genetic novelty among the eukaryotes (Timmis et al. 2004; Lane and Archibald 2008) . Gene transfer from organelles sets eukaryotes apart from prokaryotes, which in contrast to eukaryotes lack organelles descended from free-living prokaryotes. That is not to say that no prokaryotes harbour prokaryotic endosymbionts, for there are two such examples known (Wujek 1979 (Dolezal et al. 2006 ) and secondary plastids (Hempel et al. 2007) , in which case it would qualify as an organelle, or not, in which case it is best called an endosymbiont (Theissen & Martin 2006) .
Endosymbionts living in the cytosol are very common among eukaryotes today and probably have been throughout evolution (Dagan & Martin 2007b ), but endosymbiotic associations that give rise to organelles are not common at all. Available evidence indicates that there was only one origin of plastids from cyanobacteria (Gould et al. 2008) , and only one origin of mitochondria from proteobacteria (see contribution by Embley in this volume), as sketched in figure 1. Once every 4 Gyr is rare. Both symbioses entailed the origin of a specific protein-import machinery. Both entailed the origin of a novel taxon at the highest levels (known plants and known eukaryotes). Both entailed a symbiosis of one cell within another, each possessing a genome's worth of genes. If an endosymbiont lyses, its chromosome is free to recombine with that of its host, if the host lyses, the symbiosis is over, hence the transfer of genes is generally unidirectional from endosymbiont to host, which can be seen as a ratchet mechanism (Doolittle 1998) . We can see the workings of endosymbiotic gene transfer in eukaryote genomes today. We can see that bulk recombination is involved, as the 367 kb insertion of the complete mitochondrial genome in Arabidopsis and the 121 kb insertion of the complete chloroplast genome attest (Huang et al. 2005) . The mechanism of insertional recombination involves non-homologous end joining (Hazcani-Covo & Covo 2008) . Gene transfer from transformed mitochondria and from transformed plastids can be demonstrated in the lab (Thorsness & Fox 1990; Huang et al. 2003) and there is increasing interest in the role of stress factors, such as oxidative stress, that might promote the rate incorporation of organelle sequences in nuclear genomes over recent evolutionary time (Cullis et al. 2008) . Given the ease and frequency with which genes are transferred from organelles to the nucleus, the question arises as to why there are any genes left in organelles at all, and despite many different proposals to account for this observation, only one really fills the bill, namely that of Allen (1993 Allen ( , 2003 , who suggested that organelles have retained genomes in order to allow redox-dependent regulation of gene expression within individual organelles that possess bioenergetic membranes. This proposal is strongly supported by recent characterization of proteins involved in redox-regulated plastid gene regulation (Puthiyaveetil et al. 2008 ) and would furthermore directly account for the lack of DNA in hydrogenosomes, anaerobic forms of mitochondria that generate energy via substrate level phosphorylation, and hence lack membrane-associated electron transport (Mü ller 2007).
There is also evidence for the workings of endosymbiotic gene transfer early in evolution as well. In plants, estimates for the fraction of genes acquired from the ancestor of plastids range from approximately 15 to 20 per cent of nuclear protein coding genes, with systematic underestimations owing to the difficulties of phylogenetic inference with poorly conserved sequences figuring prominently in the issue (Deusch et al. 2008) . In eukaryotes that never possessed plastids, such as yeast, the majority of genes having homologues among prokaryotes are more similar to eubacterial homologues than they are to archaebacterial homologues and the former are generally involved in metabolic functions (operational genes) while the latter are generally involved in information storage and expression (informational genes) (Rivera et al. 1998; Esser et al. 2004; Rivera & Lake 2004) .
The generally surprising observation that eukaryotes possess a majority of eubacterial genes ) is distinctly at odds with the view that eukaryotes are sisters of archaebacteria, but it is readily accounted for under endosymbiotic models for the origin of eukaryotes (Pisani et al. 2007 ), if we allow for the very real possibility that there was a substantial quantity of endosymbiotic gene transfer subsequent to the origin of mitochondria. That brings us to the question of which genes, exactly, the ancestor of mitochondria, or the ancestor of plastids for that matter, possessed? We can phrase that question another way, and in the specific context of this paper, namely, what is the relationship of figure 1 to figure 2? Both figures purport to represent something that most people who will ever read this paper generally accept, namely that plastids and mitochondria really are descended from free living endosymbionts (figure 1) and that prokaryotes really do redistribute their genes across chromosomes over time (figure 2). If we add to that the recognition that many genes in eukaryote genomes really do stem from those two endosymbionts via endosymbiotic gene transfer, then which genes did those endosymbionts harbour in their chromosomes at the time when they became endosymbionts?
If we take the evidence seriously that prokaryotes really do pass their genes around over time, as we should, then it would appear that the collection of genes possessed by the ancestor of mitochondria is probably best preserved in its most contiguous form among eukaryote genomes, rather than among prokaryote genomes. This issue has been around for about 10 years (Martin 1999; Esser et al. 2007 ) but for the most part it has been disregarded, with some exceptions (Gross et al. 2008) . For example, Huang et al. (2005) recently reported that there are some genes the plants and chlamydias share more or less specifically, and they suggested that this constitutes evidence for the participation of an additional endosymbiont, a chlamydial one, at the origin of plastids. But if we let go of the notion that the chromosomes of prokaryotic 'lineages' are static collections of genes that have co-evolved in a linked manner within the same chromosome over billions of years (Doolittle 1999) , as data from genomes suggests that we should (Doolittle & Bapteste 2007 ), then we can contrast two ways of looking at the chlamydia data as an example of many similar sorts of observations emerging from genomes: (i) is it more reasonable to assume that a gene or group of genes can be used as a proxy for the existence of an additional endosymbiont in the plant lineage? Put another way, does every gene, in the extreme, serve as a proxy for the expected patterns of sequence similarity for the rest of the genes present in a given chromosome at a given point in time? Or (ii) are prokaryotic chromosomes, including those related to the ancestors of organelles, really 'fluid' structures, with genes coming in and going out over time? In our view, the latter question is much closer to being a formulation to which we could respond with a straightforward 'yes' and feel comfortable saying so.
It will probably take some time before LGT among prokaryotes (figure 2) and the endosymbiotic origins of chloroplasts and mitochondria (figure 1) can be reconstructed at the computer in a unified framework that starts with genome sequences and ends up with a network that is both readily printable and readily interpretable. It will take longer still before the secondary endosymbioses can be included in such an endeavour, because the data coming from those genomes are painting an increasingly complex picture (Frommolt et al. 2008; Sanchez-Puerta & Delwiche 2008) . Apropos complexity, as the tsunami of data from eukaryote genome projects rolls in, it is being churned through various alignment and phylogeny pipelines and many of the trees so produced are showing unusual branching patterns or unusual sequence similarities. This has led to a situation where many reports for LGT among eukaryotes are emerging, the most spectacular being the initial claim for several hundred laterally acquired bacterial genes in the human genome, which turned out not to be true Stanhope et al. 2001) . However, because eukaryotes, in contrast to prokaryotes (Thomas & Nielsen 2005; Lang & Beatty 2007) , lack genetically and molecularly well-defined mechanisms of gene transfer across species boundaries, the search for mechanisms to explain the presence of odd branching or otherwise unexpected sequences has been expanded to include mere physical contact between organisms (Keeling & Palmer 2008) or even LGT via meteorites (Bergthorsson et al. 2003) , to highlight one prominent example. Such suggestions leave us less than comfortable.
In addition to the lack of molecularly characterized mechanisms, another contrast of LGT among prokaryotes to reports of eukaryote-to-eukaryote LGTs is that the latter all too often entail oddly branching copies of highly similar genes (Keeling & Palmer 2008) but without any corresponding effects for organismic ecology, whereas LGT among prokaryotes can, and often does, transform the overall physiology of an organism (Kennedy et al. 2001; Boucher et al. 2003; Mongodin et al. 2005 ) with dramatic and obvious consequences for its ecology and evolution. In that vein, chloroplasts and mitochondria also transformed the physiology of their hosts through endosymbiosis and donated some fundamentally new genes to their hosts (for example, for photosynthesis and mitochondrial ATP synthesis), not just divergent copies of the same ones.
Thus, LGT among prokaryotes and gene transfer in the context of endosymbiosis can be correlated to changes in ecology and physiology, but most of the reports for 'odd-branch ' LGT among eukaryotes cannot (Keeling & Palmer 2008) . This is not to say that eukaryotes never acquire genes from other eukaryotes. But the 'odd branch' approach to LGT has some hefty caveats because there are lots of genes out there in the databases and there are thousands of alignments and trees that can be made from them. Some of those trees will have high support values for artefactual branches for reasons intrinsic to the computational process of phylogenetic reconstruction (Delsuc et al. 2003; Bapteste et al. 2008; Shavit et al. 2007) , and even the random choice of whether we align amino acids in a protein sequence from N-terminus to C-terminus or in the reverse order can exert a dramatic influence on phylogenetic and phylogenomic results (Landan & Graur 2007; Deusch et al. 2008) . Such issues still loom somewhat over investigations of LGT that are based in tree comparisons alone and where the inference of LGT can account for differences in observed branching patterns, but little else.
WARNING: MANY PEOPLE DISAGREE WITH SOME VIEWS EXPRESSED HERE
We have presented two figures here to illustrate our current views on early evolution from the standpoint of endosymbiosis (figure 1) and LGT (figure 2). Figure 1 might be more controversial than figure 2 in various aspects and we feel obliged to point out that many scientists would staunchly disagree with aspects of the sketch presented in figure 1 , hence a few words seem in order to justify why we drew it the way we did. In figure 1 , we have sketched the origin of the host lineage for the origin of mitochondria as an archaebacterium outright, because it precludes the notion that nucleated but mitochondrion-lacking cells (archezoa) ever existed (Embley & Martin 2006) in agreement with some recent analyses based on supertrees (Pisani et al. 2007 ) and based on careful phylogenetic studies of informational genes (Cox et al. 2008) . Some would staunchly disagree, maintaining that there are indeed eukaryotes around that never possessed mitochondria (Margulis et al. 2007) , that the host that acquired the mitochondrion was a eubacterium (de Duve 2007), or that the common ancestry of mitochondria and hydrogenosomes is somehow tenuous (de Duve 2007; Margulis et al. 2007) . We politely disagree, and will not argue their case here. We have indicated a later origin of eukaryotes than of prokaryotes, consistent with microfossil evidence suggesting their later emergence (Knoll et al. 2006; Rasmussen et al. 2008) , and this runs contrary to views, with which we disagree, that eukaryotes represent a lineage that is as old as or older than prokaryotes (Kurland et al. 2007) . We have drawn the root in figure 1 between archaebacteria and eubacteria, with which many scientists would also disagree, maintaining that archaebacteria arose via mutations from a bona fide eubacterium (Cavalier-Smith 2002) or that prokaryotes are derived from eukaryotes (Glansdorff et al. 2008) or that other placements of the root are preferable (see contribution by Lake et al. 2009 ). Again, we disagree and do not argue the opposing views.
Our placement of the root is consistent with geochemical evidence for the antiquity of both prokaryotic groups (Nisbet & Sleep 2001; Ueno et al. 2006) and with the observation that the two main groups of prokaryotes are deeply divergent, not only at the level of their cell wall and membrane constituents (Martin & Russell 2003) , but also at the level of processes so basic as DNA maintenance (Koonin & Martin 2005) . Also, we have drawn the base of figure 1 to suggest that the first prokaryotes might have arisen from something that looks like a hydrothermal vent, which need not be true, but there are enough similarities between energy-releasing geochemical reactions involving H 2 and CO 2 at some modern hydrothermal vents and energy releasing biological reactions involving H 2 and CO 2 among some modern microbes to pursue the idea further . Many scientists would disagree with the view that hydrothermal vents had anything to do with the origin of life (Orgel 2008) .
Finally, there is the matter that we have not suggested any branching orders for either prokaryotic groups or eukaryotic groups in figure 1, other than implying that the organelle-generating symbioses among eukaryotes correspond to a relative temporal sequence. Among the prokaryotes, we have schematically indicated some kind of metabolic diversification (colours), but without suggesting what the order of appearance for different metabolic types might be. There is quite a lot of phylogenomic and phylogenetic work devoted to the relative branching orders of prokaryotic groups, and serious efforts have been undertaken to link that branching order to geochemical evidence and dates, for example in Battistuzzi et al. (2004) and Gribaldo & Brochier-Armanet (2006) . Other efforts have focused inferring geological history from phylogenetic trees (Ciccarelli et al. 2006) . But a general problem arises in such studies. In order to construct a tree for all groups, one has to have genes that are present in all groups, and this usually boils down to the ribosomal proteins or their superoperon (Hansmann and Martin 2000) or what has been called 'the core' (Charlebois & Doolittle 2004 ). The problem is that it is difficult to demonstrate that sequences differences or branching patterns in 'the core', should it evolve as a coherent unit in the first place (Bapteste et al. 2008) , serve as a good predictor for which, what kind of, and how many genes we are likely to find in the remainder of the chromosome surrounding that core. For example, methanogens and archaeal halophiles have related and similar cores (Gribaldo & Brochier-Armanet 2006) , but methanogens are strictly anaerobic chemolithoautotrophs while halophiles are (usually) aerobic heterotrophs with light-harnessing abilities (Kennedy et al. 2001; Boucher et al. 2003) , while Salinibacter has a core similar to the eubacterial Bacteroides/Chlorobi group, but a physiology and gene collection reminiscent of archaeal halophiles (Mongodin et al. 2005) . That example is certainly not new to anyone, but it perhaps illustrates the point that sequence similarities within the core are not a good proxy for what is likely to be found in the rest of the genome. Eukaryotes are another such example, the archaebacterial nature of their genetic apparatus does not predict the eubacterial nature of their energy metabolism, but some endosymbiotic models for the origin of mitochondria that entail gene transfers from symbiont to host do (Pisani et al. 2007 ).
CONCLUSION
The problems relating to the notion that the evolution of all living things can be represented by a tree have been well put by others (Doolittle 1999; Brown 2003; Doolittle & Bapteste 2007; McInerney et al. 2008) , and we broadly agree with that view. The main non tree-like processes to deal with seem to be LGT among prokaryotes and gene transfer from organelles (endosymbiotic gene transfer) among eukaryotes. The onus of offering alternatives would appear to be upon those of us who are saying that the tree metaphor is inadequate. Networks are an alternative that can be used in the case of prokaryotes . It is obvious that there exists some amount of vertical inheritance via chromosome replication and segregation as well as some amount of lateral inheritance via other means among prokaryotes; hence the network approach to genome evolution should depict both. If we approach the problem of describing the overall course of prokaryote genome evolution from the standpoint of shared genes among genomes rather than shared phylogeny of some core, as recent studies of phage evolution have (LimaMendez et al. 2008 ), then we are taking steps away from the familiar conceptual environment of trees and into the less well-charted territory of evolutionary processes that cannot be modelled by a tree, but might better fit the process of prokaryote genome evolution as it occurs in nature.
